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Abstract Cyanobacteria possess genes encoding phytochrome-
related proteins. We used a DNA microarray approach to eval-
uate the impact of the phytochromes Cph1 and Cph2 on red light
(R)- and far-red light (FR)-dependent gene expression in the uni-
cellular cyanobacterium Synechocystis sp. PCC 6803. In cells of
wild-type and phytochrome mutants, one-fourth of all 3165 anno-
tated putative protein encoding genes was light-responsive. R
predominantly enhanced the expression of genes involved in tran-
scription, translation, and photosynthesis, whereas FR upregu-
lated the transcript level of genes known to be inducible by
stress. The absence of Cph1 and/or Cph2 altered the light-depen-
dent expression of about 20 genes. Hence, receptor(s) diﬀerent
from the two phytochromes are supposed to trigger the global
R/FR alterations of the expression proﬁle.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction
Photosynthetic organisms are exposed to diurnal and sea-
sonal ﬂuctuations of light. To optimally respond to changing
light conditions, they possess wavelength-speciﬁc photorecep-
tors. In higher plants, phytochromes form a family of chromo-
proteins which are able to reversibly photoisomerize between
two stable conformations, a red light (R)-absorbing Pr form,
and a far-red light (FR)-absorbing Pfr form. In this way, they
act as R/FR controlled switches which aﬀect molecular and
physiological processes including gene transcription, seed ger-
mination, organelle movement, entrainment of the circadian
rhythm, ﬂowering, and phototropism [1,2].
The ﬁrst prokaryotic genes encoding phytochrome-like pro-
teins have been detected in cyanobacteria [3,4]. Many photo-
synthetic bacteria and even several non-photosynthetic
bacteria possess genes for phytochrome-like proteins [5]. The
chromosome of the freshwater cyanobacterium Synechocystis
sp. PCC 6803 (hereafter Synechocystis 6803) contains eight
open reading frames (slr0473, sll0821, sll1124, sll1473/sll1475,
slr1393, slr1212, slr1969, sll0041) exhibiting diﬀerent degrees
of similarity to plant genes coding for phytochromes [6]. Not
all of them will be bona ﬁde phytochromes in terms of an
intrinsic bilin lyase activity and R/FR-dependent photochemis-
try. Indeed, PlpA (SLL1124) seems to be involved in blue-
light-dependent growth, SLR1212 binds ethylene and PixJ1
(SLL0041) displays blue–green photoconversion [4,7,8]. Cph1
(cyanobacterial phytochrome 1; SLR0473) and Cph2 (cyano-
bacterial phytochrome 2; SLL0821), however, show phyto-
chrome activity in vitro [9–13]. Insertional inactivation of
cph1 impaired the growth of mutant cells under continuous
FR, whilst inactivation of cph2 attenuated the growth under
continuous R [14]. The molecular targets of Cph1 and Cph2
activity have not been identiﬁed yet. Like plant phytochromes,
both cyanobacterial photoreceptors may exert their function
by controlling gene expression.
We have studied the impact of R and FR on global gene
expression patterns in wild-type and phytochrome mutant
cells of Synechocystis 6803. Genome-wide expression proﬁl-
ing allowed for the identiﬁcation of 473 genes responsive
to R and 605 genes responsive to FR. The lack of functional
Cph1 and Cph2 in mutant cells led mostly to quantitative
changes of the transcript proﬁles as compared to the wild
type.
2. Materials and methods
2.1. Growth conditions
Synechocystis sp. strain PCC 6803 (kindly provided by Sergey Shes-
takov, Moscow State University) was cultivated photoautotrophically
in BG-11 medium [15] buﬀered with 20 mM HEPES–NaOH (pH 7.5)
at 28 C, under continuous white light illumination (Philips TLD 58W/
865 day light white ﬂuorescent tubes) at 70 lmol photons m2 s1 and
bubbled with air. Cultivation was done in glass tubes (diameter 4 cm).
Growth and cell densities were followed by measuring absorption at
730 nm (A730) with a spectrophotometer (Lambda 35, Perkin–Elmer,
USA). Pre-cultures of phytochrome mutants cph1, cph2, and
cph1/cph2 [14] were grown under the same conditions with the
exception that the medium contained 40 lg/ml kanamycin, and addi-
tional 7 lg/ml chloramphenicol in the case of mutant cph1/cph2.
Mutant cells were transferred into medium without antibiotics for
the ﬁnal cell culture used for the R and FR experiments.
2.2. Irradiation
A 200 ml culture of wild-type or mutant cells was grown under
white light from day light ﬂuorescence tubes (Philips TLD 58W/
865) as described up to A730 = 0.4–0.5. Each 100 ml of cell culture
was transferred into new glass tubes and irradiated with either low
R or FR (10 lmol photon m2 s1 each) for 90 min to allow acclima-
tion of the cells to the respective light condition. The ﬂuence rate of
Abbreviations: R, red light; FR, far-red light; PSI, photosystem I; PSII,
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10 lmol photon m2 s1 matches exactly the ﬂuence rate which was
used to photoconvert recombinant Cph1 from Pr into Pfr and vice
versa [16]. Upon irradiation, 50-ml aliquots were withdrawn from
each of the two cultures and mixed with equal volume of ice-cold eth-
anol/phenol (95/5, v/v). Cells were harvested by centrifugation at
5000 · g for 5 min. Pellets were immediately frozen in liquid nitrogen
and stored at 80 C. The sample obtained from R-irradiation was
referred to as R-acclimated; the sample obtained from FR-irradia-
tion was referred to as FR-acclimated. Cells of the remaining
50 ml of R-acclimated culture were subsequently exposed to FR
(10 lmol photons m2 s1), those of the FR-acclimated culture to
R (10 lmol photons m2 s1). Upon 30 min irradiation, cells were
harvested as described above. The ﬁrst sample was referred to as
FR-shifted, the second as R-shifted. All irradiations were done un-
der continuous air bubbling. R was provided by BL0307-50-44 LEDs
(652 nm ± 20 nm, Kingbright, Taiwan). FR was obtained by ﬁltering
white halogen light (Walz, Germany) through a longpass RG9 ﬁlter
(734 nm ± 30 nm, Schott, Germany). Wavelengths and ﬂuence rates
of R and FR were determined using a SR 9901 spectroradiometer
(Macam Photometrics, UK).
2.3. DNA microarray analysis
Total RNA was extracted from Synechocystis 6803 cells as described
[17]. DNA was removed by treatment with RNase-free DNase I (Nip-
ponGene, Japan). Synthesis and puriﬁcation of Cy3-labeled and Cy5-
labeled cDNAs (Amersham Biosciences, UK) were done with 10 lg of
RNA using the RNA-Fluorescence Labeling Kit (TaKaRa, Japan) as
described previously [18].
The Synechocystis 6803 DNA CyanoCHIP (ver. 2.1, TaKaRa, Ja-
pan) was used for hybridization of Cy3- and Cy5-labeled cDNAs.
The microarrays covered 3074 of the 3165 open reading frames of Syn-
echocystis 6803 (http://www.kazusa.or.jp/cyano/Synechocystis/in-
dex.html). Conditions of hybridization were the same as described
[18]. After hybridization, the microarrays were washed in 2· SSC at
60 C for 10 min, in 0.2· SSC, 0.1% SDS at 60 C for 10 min, and twice
in 0.2· SSC for 5 min at room temperature. Any moisture was com-
pletely removed by an air stream.
Hybridization of cDNAs was evaluated with an array scanner
(GMS418, Aﬃmetrix, CA). Signals were quantiﬁed using the Ima-
Gene software version 5.5 (BioDiscovery, CA). Upon subtraction
of the local background of each spot the signals were normalized
by reference to the sum of all signals except those for rRNAs. Alter-
ations in the expression level of a gene were calculated from the ratio
of the relative amount of a transcript after light shift to the relative
amount of a transcript before the light shift (R-shift vs. FR-acclima-
tion and FR-shift vs. R-acclimation). Genes were considered aﬀected
by R or FR when the factor of induction/repression was >2.0 [19].
Each gene was spotted twice on the DNA chip which allowed chip-
internal evaluation of signals.
2.4. Dot-blot hybridization
1.5 lg RNA samples were dot-blotted with a Bio-Dot Microﬁltra-
tion Apparatus according to the manufacturers instructions (Bio-
Rad, CA). Riboprobes were generated by PCR ampliﬁcation of gene
speciﬁc DNA fragments of cpcBA (sll1577 sll1578), psbA2 (slr1311),
rpl2 (sll1802), rbp2 (ssr1480), hemH (slr0839), hspA (sll1514), gifA
(ssl1911), and 16 S rDNA, ligation to a T7-promoter DNA fragment
using the LignScribe kit (Ambion, AU), and in vitro transcription
in the presence of 32P-c UTP (Amersham, UK) using the MAXIscript
kit (Ambion, AU). Hybridizations were done as described [20]. Quan-
tiﬁcation of signals was performed with the help of a GS-525 Phosphor
Imager (Bio-Rad, CA). Primers for ampliﬁcation of gene-speciﬁc DNA
fragments were: cpcBA, 5 0-TCGTATGGCTGCTTGTTTGC-3 0 and
5 0-TGACGTAGACGACCGAAAGC-30; psbA2, 5 0-ACCGGATT-
TATGTCGGTTGG-3 0 and 5 0-GGATGTTGTGCTCAGCTTGG-30;
rpl2, 5 0-TGCCCTGCTGTTCTACACC-3 0 and 5 0-AACCATACG-
CACTTCCTTGG-3 0; rbp2, 5 0-TGTCCATTTATGTCGGGAACC-30
and 5 0-GAGGGGTTCTCGGTCTTGC-30; hemH, 5 0-ATAGCCTG-
ATCCCCTCTTGG-3 0 and 5 0-TCAATTTCTGCCTGGTAGGG-30;
hspA, 5 0-TGAAACTGAAGAAGCCTATGTGC-3 0 and 5 0-TTTGG-
GCAAAGTCAAAGTTAGG-3 0; gifA, 5 0-CGCCACCACCAATT-
CATC-30 and 5 0-AAGCATTACTGCGGTCATAGG-30; 16 S rDNA,
5 0-AGCGTTATCCGGAATGATTG-3 0 and 5 0-CTAGCGATTCCT-
CCTTCACG-3 0.
3. Results and discussion
3.1. General response of gene activity to R and FR
Exponentially grown cells of wild-type and mutants cph1,
cph2, and cph1/cph2 were acclimated to respectively FR
and R for 90 min. Aliquots were taken and the remaining cell
cultures were exposed to R (if acclimated to FR) or to FR (if
acclimated to R) for 30 min. The ﬂuence rates of R and FR
were kept constant throughout the experiment at an intensity
of 10 lmol m2 s1. Wavelengths of R (652 nm ± 20 nm)
and FR (734 nm ± 30 nm) matched those at which the Cph1
holo-phytochrome isolated from Synechocystis 6803 absorbed
maximally [16].
Whereas 15% of all genes of Synechocystis 6803 responded
to a light shift from FR to R, it was 20% upon a shift from
R to FR (Table 1). The highest rate of R/FR-response (55%)
was found within the group of genes related to transcription
or translation. Genes implicated in DNA replication or regula-
tory functions displayed the lowest degree of light impact
(16%). A comparative analysis of the induction/repression ra-
tios in response to R- and FR-shifts allowed us to classify all
genes into four groups (Fig. 1). The partial overlap of groups
I and IV in Fig. 1 comprises those genes which were induced by
R and repressed by FR, whereas the overlap of groups II and
III includes genes which were induced by FR and repressed by
R (Table 1). Hence, both subgroups represent genes antagonis-
tically aﬀected by the two light treatments, a response that
could be expected for genes controlled by phytochromes. A ta-
ble of a subset of genes belonging to groups I and II can be
found in Supplementary data Table 1. The entire list of af-
fected genes is available in Supplementary data Table 2.
To exemplarily verify the DNA microarray data, we per-
formed RNA dot-blot analysis of four genes. According to
their light response, rpl2 (ribosomal protein L2) and rbp2
(RNA binding protein) belonged to groups I/IV, whereas
hemH (ferrochelatase) and hspA (heat shock chaperone) be-
longed to groups II/III (Fig. 1). The results of the RNA dot-
blot analysis conﬁrmed the microarray-based classiﬁcation.
The ratios of induction or repression were in good agreement
with those obtained by DNAmicroarray analyses (Supplemen-
tary data Fig. 1).
One of the most obvious eﬀects of R was the enhanced
expression of genes related to translation (see Supplementary
data Table 1). Forty-ﬁve genes for ribosomal proteins were
strikingly upregulated (up to 12-fold). R also stimulated the
expression of subunits of the cyanobacterial RNA polymerase.
The transcript levels rose three- to four-fold for rpoA, the op-
eron rpoC2B, as well as for the essential, principal r70 factor
gene sigA. The concomitant upregulation of genes related to
tRNA processing (rnpA, rnd), RNA binding (rbp1, rbp2) and
protein biosynthesis (tufA, efp) indicates a general activation
of housekeeping functions by R. Also genes related to photo-
synthesis, CO2 ﬁxation, and processes like biosynthesis of ami-
no acids, fatty acids, purins, and pyrimidins were positively
aﬀected upon a shift from FR to R, whereas the reverse light
treatment led to an overall decrease in the transcription of
those genes. The data suggest a general stimulatory eﬀect of
R on the cellular metabolism, an observation that ﬁts with R
being the optimal light quality for energy production and
growth of Synechocystis.
FR mostly diminished gene expression and concomitantly
retarded growth under continuous illumination [14]. Although
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FR had a more suppressive eﬀect on the expression of genes
attributed to transcription and translation, there were a few
notable exceptions (Supplementary data Table 1). Whereas
the mRNA level of sigA dropped signiﬁcantly under FR that
of the non-essential group II r-factors sigB and sigD and of
the group III r-factor sigG rose up. The enhanced expression
of the alternative sigma factors may indicate that sigB, sigD,
and sigG are involved in reprogramming of the RNA polymer-
ase under FR, thereby stimulating the activity of a number of
genes (Supplementary data Table 1). Interestingly, FR led to a
rise in the transcript level of chaperone and HLIP (high-
light-inducible protein) genes.
The most dramatic light response displayed hspA encoding
the small heat shock protein Hsp16.6 [21]. The HLIP genes hliA
(ssl2542), hliB (ssr2595), and hliC (ssl1633) were upregulated up
to 12-fold in FR and downregulated up to 10-fold in R. In cya-
nobacteria, HLIPs are critical for the acclimation of cells to
variations in light intensity [22,23]. Those and other genes stim-
ulated by FR are known to be activated upon exposure of cells
to stresses such as high light, UV, high temperature, high salin-
ity and/or high osmolarity [see compilation in Supplementary
data Table 1 and Refs. [17,24,25]]. Hence, the response to FR
may be mediated at least partly by signal transduction chains
which are induced by several environmental cues.
3.2. Phytochrome eﬀects
Nearly 200 genes of Synechocystis 6803 responded inversely
to R and FR suggesting a possible involvement of phyto-
chrome-like photoreceptors. Proﬁling the R/FR-dependent
transcript accumulation in the single mutants cph1 and cph2
and the double mutant cph1/cph2 revealed diﬀerences in the
light response of only 21 genes (Table 2) suggesting that R and
FR aﬀect the gene activity in Synechocystis not only via the
phytochromes Cph1 and Cph2. R and FR alter the redox poise
of components of the photosynthetic electron transport with
known eﬀects on gene transcription [26,27]. Indeed, several
(but clearly not all) of the genes aﬀected by R and FR in our
experiments have been reported to respond to redox changes
induced by inhibitors of photosynthetic electron transport
Table 1
Diﬀerentially aﬀected genes in response to a light shift from FR to R and from R to FR according to functional categories as deﬁned by Cyanobase
(http://www.kazusa.or.jp/cyano/cyano.html)
General pathway Total no.
of genes
No. of diﬀerentially expressed genes upon a Enhanced by R and
reduced by FR
Enhanced by FR and
reduced by R
Shift to R Shift to FR
Enhanced Reduced Enhanced Reduced
Amino acid biosynthesis 83 9 2 1 18 4 0
Biosynthesis of cofactors, carriers,
and prosthetic groups
116 16 7 4 33 14 2
Cell envelope 62 6 2 0 22 5 0
Cellular processes 60 5 9 7 9 1 4
Central intermediary metabolism 31 2 2 1 6 1 1
DNA replication, restriction,
recombination, and repair
51 3 0 0 7 2 0
Energy metabolism 86 6 7 3 18 4 3
Fatty acid, phospholipids, and
sterol metabolism
35 4 0 0 10 3 0
Other categories 169 8 15 10 29 4 6
Photosynthesis and respiration 128 30 10 3 37 18 2
Purines, pyrimidines, nucleosides,
and nucleotides
38 6 0 0 11 3 0
Regulatory functions 156 1 12 3 14 0 2
Transcription 27 9 4 3 3 2 2
Translation 145 53 6 3 37 20 2
Transport and binding proteins 170 4 17 2 15 2 2
Hypothetical/unknown 1717 125 93 56 240 56 34
Total 3074 287 186 96 509 139 60
Fig. 1. Induction and repression of Synechocystis 6803 gene activity in
response to FR and R. The position of a spot indicates the ratio of
induction upon a shift from R to FR (abscissa) and upon a shift from
FR to R (ordinate). Group I comprises genes induced by R, group II
those induced by FR, group III those repressed by R, and group IV
those repressed by FR. Black spots indicate genes antagonistically
regulated by the two light treatments. The threshold of twofold
induction and repression of gene activity is shown by dashed line.
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([28]; Supplementary data Table 1). The relatively low number
of genes exhibiting altered transcript levels in cph1 and cph2
mutants may also be due to the existence of additional phyto-
chromes since the genome of Synechocystis 6803 contains sev-
eral open reading frames encoding phytochromerelated
proteins. In contrast to Cph1 and Cph2, these proteins are sup-
posed to bind or attach a bilin without gaining photochromic-
ity [9]. Nevertheless, they might be able to sense light [4,8].
The Synechocystis genes aﬀected by the lack of one or both
phytochromes included genes that are involved in chlorophyll
biosynthesis (chlL, chlB), nitrogen metabolism (gifA, nrtA,
nrtB), stress adaptation (hspA, hliA, hliB, hliC), secretion of
proteins (secY), translation (tsf), threonine biosynthesis (thrC)
and open reading frames of unknown function. The lack of
Cph1 and of both phytochromes altered in ﬁrst line the R re-
sponse, whereas the absence of Cph2 changed preferably the
FR response of genes. The impact of Cph1 and Cph2 on gene
expression at the transcript level was rather low, as we ob-
served for many genes just an quantitative eﬀect of mutation,
i.e., mostly a lower decrease or rarely a higher increase in tran-
script levels compared to the wild-type (Table 2).
To verify the eﬀect of phytochromes on gene activity, we se-
lected gifA for a more detailed investigation. gifA encodes a
regulatory protein, the glutamine synthetase (GS)-inactivation
factor IF7 [29], and was one of the genes that responded in a
qualitative manner to the lack of functional phytochromes.
Whereas the shift from FR to R stimulated gifA expression
13-fold in the wild-type, the mRNA level remained constant
in the cph1/cph2 double mutant (Table 2). Remarkably prior
to the light shift into R at the end of the 90 min FR-acclima-
tion period, the relative amount of gifA mRNA was seven
times higher in the double mutant compared to the wild-type
(the average level of gifA transcript was 0.03 in wild-type,
0.08 in cph1, 0.07 in cph2, and 0.21 in cph1/cph2 as calcu-
lated from the arrays based on the relative level of the gifA
transcript to the sum of all transcripts excluding rRNAs and
tRNAs). This relatively high level of gifA mRNA in cph1/
cph2 might have been due to a general high level of gifA
expression in the double mutant or to its FR-dependent upreg-
ulation during the period of acclimation. The results of RNA
dot-blot hybridizations on gifA expression supported the latter
explanation (Supplementary data Fig. 2). Under white light,
the level of gifA transcripts was similar in wild-type and double
mutant. After FR-irradiation for 90 min, however, the level of
gifA mRNA rose signiﬁcantly in cph1/cph2. At the same
time, the transcripts of psbA2, encoding the D1 protein of pho-
Table 2
Genes of Synechocystis 6803 diﬀerentially aﬀected in the absence of the phytochromes Cph1 and Cph2
Changes (fold) in expression level upon   light shiftaGene ID Name
wt cph1- cph2- cph1- /cph2-
Shift from FR to R
sll1814 secY 4.07 ± 0.01 1.71 ± 0.21 1.57 ± 0.09 1.40 ± 0.09
ssl1911 gifA 13.2 ± 1.22 4.92 ± 0.15 6.09 ± 0.16 1.28 ± 0.05
slr0373 6.58 ± 0.03 1.33 ± 0.09 2.43 ± 0.32 2.46 ± 0.04
slr0376 4.14 ± 0.24 1.10 ± 0.08 1.75 ± 0.15 1.49 ± 0.08
slr0749 chlL 4.10 ± 0.35 0.91 ± 0.01 6.10 ± 0.08 9.80 ± 0.22
slr0772 chlB 8.49 ± 0.02 2.07 ± 0.17 12.5 ± 2.14 12.1 ± 0.21
sll1261 tsf 1.82 ± 0.01 3.56 ± 0.18 2.00 ± 0.01 4.43 ± 0.24
sll1688 thrC 3.63 ± 0.16 12.5 ± 0.23 3.56 ± 0.16 9.42 ± 0.24
slr0076 1.29 ± 0.02 5.00 ± 0.10 2.16 ± 0.81 3.74 ± 0.01
Shift from R to FR
sll1450 nrtA 5.65 ± 1.98 4.55 ± 0.07 0.85 ± 0.03 1.88 ± 0.21
sll1451 nrtB 7.17 ± 0.54 3.49 ± 0.10 0.97 ± 0.10 1.36 ± 0.05
sll0528 24.0 ± 5.35 39.1 ± 1.70 3.09 ± 0.32 25.4 ± 1.74
sll0549 6.05 ± 0.57 3.94 ± 0.00 1.10 ± 0.12 4.84 ± 0.51
sll1514 hspA 24.2 ± 5.74 36.5 ± 3.68 4.99 ± 0.04 12.5 ± 2.69
slr1687 15.8 ± 4.58 12.5 ± 0.31 1.39 ± 0.07 11.9 ± 0.86
ssl1633 hliC 5.95 ± 0.80 3.38 ± 1.62 0.84 ± 0.04 4.06 ± 0.95
ssl2542 hliA 12.5 ± 2.81 15.1 ± 0.89 0.95 ± 0.01 13.7 ± 0.80
ssl3044 9.90 ± 0.75 10.5 ± 0.43 1.40 ± 0.01 6.62 ± 0.05
slr0270 6.29 ± 0.55 4.31 ± 0.40 1.25 ± 0.04 5.18 ± 0.36
ssr2595 hliB 12.6 ± 2.80 17.2 ± 1.72 1.19 ± 0.00 9.13 ± 0.13
slr1544 6.31 ± 3.33 17.0 ± 0.62 0.96 ± 0.05 8.34 ± 0.10
a Values are averages ± standard deviation of two experiments; significant deviations from wild type are highlighted in grey; genes are grouped according 
to similarity in response.
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tosystem II (PSII) and of cpcBA, encoding the b- and a-chain
of phycocyanin, accumulated at wild-type levels (Supplemen-
tary data Fig. 2). Hence, the FR-induced stimulation of gifA
expression did not result from a global increase of gene activity
in the double mutant, but was speciﬁc for gifA. Whilst we
could verify the dramatic eﬀect of the mutation of both phyto-
chromes on the gifA expression in ﬁve independent hybridiza-
tion experiments, the relatively weak quantitative diﬀerences
observed in microarrays between wild-type and the single mu-
tants with regard to gifA transcript levels (Table 2) could not
be reproduced (Supplementary data Fig. 2). Consequently,
more detailed investigations are needed to reach ﬁnal conclu-
sions about the impact of phytochromes on gene expression
and not all the genes listed in Table 2 may prove to be really
under phytochrome control. As the stability of gifA mRNA
was similar in rifampicin-treated cells of wild-type and double
mutant under all light conditions (data not shown), we con-
clude that upregulation of gifA expression during FR acclima-
tion in cph1/cph2 was due to enhanced transcription rather
than to altered stability of the transcript. The observed altera-
tions (Table 2) cannot explain the eﬀects of defective Cph1
and/or Cph2 on growth of the mutants under R and FR [14]
suggesting that the phytochromes act not only at the level of
transcription.
Our data suggest a negative control of gifA transcription by
Cph1 and Cph2 in the wild-type under FR. In the double mu-
tant, both phytochromes are absent. Consequently the negative
control is abolished and FR stimulates transcription. More-
over, the conjoined impact of Cph1 and Cph2 on gifA expres-
sion implies a certain degree of redundancy of action of both
cyanobacterial phytochromes, a mechanism which is known
from the activity of phytochromes in plants [30]. FR converts
phytochromes into their Pr forms. A biological activity of the
Pr forms of Cph1 and Cph2 reported here contrasts with the
well investigated Pfr activity of most plant phytochromes. It
is, however, in accord with the FR high-irradiance response
mediated by phytochrome A in plants [31], the Pr-stimulated
autophosphorylation of Cph1 followed by a phosphotransfer
to the response regulator Rcp1 [12], and a Pr-dependent regu-
lation of gene expression in other bacteria [32,33].
Acknowledgements: We thank Brita Fiedler and Annegret Wilde
(Humboldt-University Berlin) for providing the phytochrome mutants,
Hendrik Schubert (University of Rostock) for support in measuring
the light parameters, and Tabea Bo¨rner for excellent technical assis-
tance. The work was supported by a Grant-in-Aid for Scientiﬁc Re-
search on Priority Area (No. 14086207) from the Ministry of
Education, Culture, Sports, Science, and Technology, Japan, and by
a Grant-in-Aid for Scientiﬁc Research (S) (No. 13854002) from the Ja-
pan Society for Promotion of Science to N.M., and by a grant from the
Deutsche Forschungsgemeinschaft to T.B.
Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2005.
01.075.
References
[1] Quail, P.H. (2002) Phytochrome photosensory signalling net-
works. Nat. Rev. Mol. Cell Biol. 3, 85–93.
[2] Scha¨fer, E. and Bowler, C. (2002) Phytochrome-mediated photo-
perception and signal transduction in higher plants. EMBO Rep.
3, 1042–1048.
[3] Kehoe, D.M. and Grossman, A.R. (1996) Similarity of a
chromatic adaptation sensor to phytochrome and ethylene
receptors. Science 273, 1409–1412.
[4] Wilde, A., Churin, Y., Schubert, H. and Bo¨rner, T. (1997)
Disruption of a Synechocystis sp. PCC 6803 gene with partial
similarity to phytochrome genes alters growth under changing
light qualities. FEBS Lett. 406, 89–92, (Erratum in: FEBS Lett.
412, 404).
[5] Lamparter, T. (2004) Evolution of cyanobacterial and plant
phytochromes. FEBS Lett. 573, 1–5.
[6] Kaneko, T., Sato, S., Kotani, H., Tanaka, A., Asamizu, E.,
Nakamura, Y., Miyajima, N., Hirosawa, M., Sugiura, M.,
Sasamoto, S., Kimura, T., Hosouchi, T., Matsuno, A., Muraki,
A., Nakazaki, N., Naruo, K., Okumura, S., Shimpo, S., Takeuchi,
C., Wada, T., Watanabe, A., Yamada, M., Yasuda, M. and
Tabata, S. (1996) Sequence analysis of the genome of the
unicellular cyanobacterium Synechocystis sp. strain PCC6803.
II. Sequence determination of the entire genome and assignment
of potential protein-coding regions. DNA Res. 3, 109–136.
[7] Rodriguez, F.I., Esch, J.J., Hall, A.E., Binder, B.M., Schaller,
G.E. and Bleecker, A.B. (1999) A copper cofactor for the ethylene
receptor ETR1 from Arabidopsis. Science 283, 996–998.
[8] Yoshihara, S. and Ikeuchi, M. (2004) Phototactic motility in the
unicellular cyanobacterium Synechocystis sp. PCC 6803. Photo-
chem. Photobiol. Sci. 3, 512–518.
[9] Wu, S.H. and Lagarias, J.C. (2000) Deﬁning the bilin lyase
domain: lessons from the extended phytochrome superfamily.
Biochemistry 39, 13487–13495.
[10] Hughes, J., Lamparter, T., Mittmann, F., Hartmann, E., Ga¨rtner,
W., Wilde, A. and Bo¨rner, T. (1997) A prokaryotic phytochrome.
Nature 386, 663.
[11] Lamparter, T., Mittmann, F., Ga¨rtner, W., Bo¨rner, T., Hart-
mann, E. and Hughes, J. (1997) Characterization of recombinant
phytochrome from the cyanobacterium Synechocystis. Proc. Natl.
Acad. Sci. USA 94, 11792–11797.
[12] Yeh, K.C., Wu, S.H., Murphy, J.T. and Lagarias, J.C. (1997) A
cyanobacterial phytochrome two-component light sensory sys-
tem. Science 277, 1505–1508.
[13] Park, C.M., Kim, J.I., Yang, S.S., Kang, J.G., Kang, J.H., Shim,
J.Y., Chung, Y.H., Park, Y.M. and Song, P.S. (2000) A second
photochromic bacteriophytochrome from Synechocystis sp. PCC
6803: spectral analysis and down-regulation by light. Biochemis-
try 39, 10840–710847.
[14] Fiedler, B., Broc, D., Schubert, H., Rediger, A., Bo¨rner, T. and
Wilde, A. (2004) Involvement of cyanobacterial phytochromes in
growth under diﬀerent light qualities and quantities. Photochem.
Photobiol. 79, 551–555.
[15] Rippka, R., Desruelles, J., Waterbury, J.B., Herdman, M. and
Stanier, R.Y. (1979) Genetic assignment, strain histories and
properties of pure cultures of cyanobacteria. J. Gen. Microbiol.
11, 1–61.
[16] Hu¨bschmann, T., Bo¨rner, T., Hartmann, E. and Lamparter, T.
(2001) Characterization of the Cph1 holo-phytochrome from
Synechocystis sp. PCC 6803. Eur. J. Biochem. 268, 2055–2063.
[17] Los, D.A., Ray, M.K. and Murata, M. (1997) Diﬀerences in the
control of the temperature-dependent expression of four genes for
desaturases in Synechocystis sp. PCC 6803. Mol. Microbiol. 25,
1167–1175.
[18] Mikami, K., Kanesaki, Y., Suzuki, I. and Murata, N. (2002) The
histidine kinase Hik33 perceives osmotic stress and cold stress in
Synechocystis sp PCC 6803. Mol. Microbiol. 46, 905–915.
[19] Suzuki, I., Kanesaki, Y., Mikami, K., Kanehisa, M. and Murata,
N. (2001) Coldregulated genes under control of the cold sensor
Hik33 in Synechocystis. Mol. Microbiol. 40, 235–244.
[20] Hu¨bschmann, T., Hess, W.R. and Bo¨rner, T. (1996) Impaired
splicing of the rps12 transcript in ribosome-deﬁcient plastids.
Plant Mol. Biol. 30, 109–123.
[21] Basha, E., Lee, G.J., Breci, L.A., Hausrath, A.C., Buan, N.R.,
Giese, K.C. and Vierling, E. (2004) The identity of proteins
associated with a small heat shock protein during heat stress in
vivo indicates that these chaperones protect a wide range of
cellular functions. J. Biol. Chem. 279, 7566–7575.
T. Hu¨bschmann et al. / FEBS Letters 579 (2005) 1613–1618 1617
[22] He, Q., Dolganov, N., Bjorkman, O. and Grossman, A.R. (2001)
The high lightinducible polypeptides in Synechocystis PCC6803.
Expression and function in high light. J. Biol. Chem. 276, 306–
314.
[23] Xu, H., Vavilin, D., Funk, C. and Vermaas, W. (2004) Multiple
deletions of small Cab-like proteins in the cyanobacterium
Synechocystis sp. PCC 6803: consequences for pigment biosyn-
thesis and accumulation. J. Biol. Chem. 279, 27971–27979.
[24] Huang, L., McCluskey, M.P., Ni, H. and LaRossa, R.A. (2002)
Global gene expression proﬁles of the cyanobacterium Synecho-
cystis sp. strain PCC 6803 in response to irradiation with UV-B
and white light. J. Bacteriol. 184, 6845–6858.
[25] Kanesaki, Y., Suzuki, I., Allakhverdiev, S.I., Mikami, K. and
Murata, N. (2002) Salt stress and hyperosmotic stress regulate the
expression of diﬀerent sets of genes in Synechocystis sp. PCC
6803. Biochem. Biophys. Res. Commun. 290, 339–348.
[26] Allen, J.F. and Pfannschmidt, T. (2000) Balancing the two
photosystems: photosynthetic electron transfer governs transcrip-
tion of reaction centre genes in chloroplasts. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 355, 1351–1359.
[27] El Bissati, K. and Kirilovsky, D. (2001) Regulation of psbA and
psaE expression by light quality in Synechocystis species PCC
6803. A redox control mechanism. Plant Physiol. 125, 1988–2000.
[28] Hihara, Y., Sonoike, K., Kanehisa, M. and Ikeuchi, M. (2003)
DNA microarray analysis of redox-responsive genes in the
genome of the cyanobacterium Synechocystis sp. strain PCC
6803. J. Bacteriol. 185, 1719–1725.
[29] Garcia-Dominguez, M., Reyes, J.C. and Florencio, F.J. (2000)
NtcA represses transcription of gifA and gifB, genes that encode
inhibitors of glutamine synthetase type I from Synechocystis sp.
PCC 6803. Mol. Microbiol. 35, 1192–1201.
[30] Franklin, K.A. and Whitelam, G.C. (2004) Light signals, phyto-
chromes and cross-talk with other environmental cues. J. Exp.
Bot. 55, 271–276.
[31] Shinomura, T., Uchida, K. and Furuya, M. (2000) Elementary
processes of photoperception by phytochrome A for high-irradi-
ance response of hypocotyl elongation in Arabidopsis. Plant
Physiol. 122, 147–156.
[32] Jiang, Z., Swem, L.R., Rushing, B.G., Devanathan, S., Tollin, G.
and Bauer, C.E. (1999) Bacterial photoreceptor with similarity to
photoactive yellow protein and plant phytochromes. Science 285,
406–409.
[33] Giraud, E., Fardoux, J., Fourrier, N., Hannibal, L., Genty, B.,
Bouyer, P., Dreyfus, B. and Vermeglio, A. (2002) Bacteriophyto-
chrome controls photosystem synthesis in anoxygenic bacteria.
Nature 417, 202–205.
1618 T. Hu¨bschmann et al. / FEBS Letters 579 (2005) 1613–1618
